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Abstract
Radar studies of the surface of Venus have identified regions with high radar reflectivity
concentrated in the Venusian highlands: between 2.5 and 4.75 km above a planetary radius of 6051
km, though it varies with latitude. Previous research has proposed several theories on the source
of these anomalies, including increased surface roughness, metallic materials with higher dielectric
constants, or ferroelectric materials. Prior work suggests several processes that could be the origin
of these anomalies, such as surface-atmospheric interactions or low lying clouds or fog.
Alternatively, these anomalies could result from a semi-metallic compound trapped at the cooler
conditions in the highlands, likely forming as a snow or frost. If this were the case, the compound
would be expected to precipitate out of a low cloud layer.
While theoretical studies have been beneficial towards determining the source of these
anomalies, few experimental investigations have been done to validate these theories. In this
dissertation, several minerals, chosen by their likely presence on Venus, were investigated to
determine their stability under Venusian conditions, including temperature, pressure and
atmospheric composition. Analysis of the empirical data enabled the identification of potential
mineral source(s) of the radar-bright anomalies.
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1

Introduction

1.1

Planetary Radar Astronomy Applied to Venus
The first unambiguous radar observation of Venus was obtained by the National

Aeronautics and Space Administration’s (NASA’s) Jet Propulsion Lab in 1961 (Butrica, 1996).
The earliest observations of Venus correctly measured, and defined, the astronomical unit,
discovered the retrograde rotation and period of Venus, and provided the definition of the prime
meridian and hence the entire Venus-based coordinate system. These early observations
established the field of planetary radar astronomy (Goldstein, 1965; Butrica, 1996). The geological
measurements of Venus began after the advent of planetary radar Range-Doppler imaging, which
provided radar images of the planet’s surface by measuring the returned backscatter corresponding
to planetary characteristics. In the late 1960s, the new technique of radar interferometry using two
or more radio telescopes enabled observations at higher resolutions (Butrica, 1996). By combining
Range-Doppler imaging with radar interferometry, the planet’s major surface features were
revealed, including anomalous “radar bright” regions (Figure 1.1).
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Figure 1.1 - One of the first radar images of Venus made by combining Range-Doppler imaging
with radar interferometry at the Haystack Observatory, in 1967 (Rogers and Ingalls, 1970).
1.1.1 Observations
Two regions on the venusian surface that exhibited anomalous bright reflections of radar
signals were reported in 1965, and a third region was identified in the northern hemisphere in 1970
(Goldstein, 1965; Jurgens, 1970). Later, more detailed studies of these regions using data from
both ground-based and mission (e.g., Pioneer Venus and Magellan) radars showed a correlation
between the radar bright anomalies and regions of high altitude (Figure 1.2). These anomalies vary
by location, but are mostly found at elevations between 2.5 km (Sapas Mons; 8.9°N, 188°E) and
4.75 km (Maxwell Montes; 65.0°N, 3.0°E) above the average planetary radius of 6,051 km (Rogers
and Ingalls, 1970; Pettengill et al., 1982; Ford and Pettengill, 1983; Garvin et al., 1985; Pettengill
et al., 1988).
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Figure 1.2 - Magellan SAR image of an area in Ovda Terra. Elevations above 4.5 km, to lower
left and upper right, are dark (low radar backscatter); slightly lower elevations (surrounding the
dark areas) have high radar backscatter (Treiman et al., 2016).
The radar reflectivities in these regions range between 0.35 and 0.43 in the highlands,
compared to the planetary average reflectivity of 0.14 (Table 1.1). At altitudes above 4.75 km,
mountain summits return to average lowland reflectivity values. (Pettengill et al., 1982). Figure
1.3A is a global contour map of Venus showing altitude variations. The accompanying Figure 1.3B
is a global emissivity map of Venus showing variations in measured emissivity. Since the Fresnel
relationship between reflectivity and emissivity holds roughly true on Venus, the terms “high
reflectivity” and “low emissivity” can be used interchangeably (Ford and Pettengill, 1983; Klose
et al., 1992). Figure 1.3(A, B) depicts the correlation between high altitude and the anomalous
high reflectivity regions.
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Table 1.1 - Electromagnetic properties of the surface of Venus (Pettengill et al., 1988).

Figure 1.3 - (A) Contour map of Venus based on radar altimeter data from Pioneer Venus
(Mercator projection). Higher altitudes are red; lower altitudes are blue. (B) Microwave Emissivity
Map of Venus from Magellan (Mercator projection). Higher emissivities are pink/white; lower
emissivities are blue/purple. Source: http://nssdc.gsfc.nasa.gov/
4

1.1.2 General Concepts
This section introduces several concepts related to radar and the direct measurement of
planetary surfaces. Radar astronomy techniques utilize reflections of microwaves off of target
objects on the planetary surface. To determine the topography of a region, astronomers analyze
the time difference between the transmitted and reflected microwaves (Impey, 2015). To determine
the surface material, the strength (i.e., fraction) of the reflected signal is analyzed (D’Alli and
Greely, 1982). For example, if an area is flat, the radar signal is reflected away from the observer
(i.e., no reflected signal strength), resulting in a “dark return” on that area (Figure 1.4). If an area
is rough, the radar signal will bounce off of several surfaces, resulting in a portion being reflected
back to the observer. This scenario results in a bright radar image (Figure 1.4). Surface roughness
is not the only thing to affect the brightness of a radar image, the surface composition can affect it
was well, as metallic materials reflect better (brighter image).

Figure 1.4 - Diagram of radar reflectance and its effect on the resultant image. Smooth surfaces
reflect the incident energy away from the antenna, producing a dark (non-return) image. A rough
surface scatters the incident energy, some of which will be returned to the antenna and produce a
bright image (D’Alli and Greely, 1982).
5

The reflectivity (r) of a surface can be calculated from the refractive index of the two mediums
the light passes through (n1 and n2), and the incidence angle using the Fresnel equations, which
reduce to:

n  n2
r 1
n1  n2

2

(1.1)

Where n is the index of refraction, a function of εr, the material’s relative permittivity (dielectric
constant) and µr, the material’s relative permeability.
n = √εr µr

(1.2)

Permittivity is a material’s resistance to forming an electric field within itself. The higher the
permittivity → the higher the dielectric constant → more reflective.
Emissivity (e) measures a material’s ability to radiate absorbed energy, and it is dependent
on temperature and wavelength. Specifically, emissivity is the ratio of radiated energy of a material
at a specific temperature to radiated energy of a blackbody at the same temperature. Since the
emissivity of a blackbody is 1, any material would have an emissivity of less than 1. The Fresnel
relationship (Eq. 1.3), which holds true on Venus, allows for the simplification of the relationship
between the emissivity and reflectivity (Ford and Pettengill, 1983; Klose et al., 1992):
e ≅1−r

(1.3)

Thus, the greater the dielectric constant → the higher the reflectivity → the lower the emissivity.
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1.1.3 Surface Properties – Dielectric Constant
Scientists working with Pioneer Venus data calculated a dielectric constant of ~ 5 for the
lowlands and ≥ 20 for the highlands (Table 1.1) (Ford and Pettengill, 1983; Pettengill et al., 1988;
Tyler et al., 1991; Klose et al., 1992). There are several parameters that affect the dielectric
constant (Jensen, 2009):
1. Moisture content
2. Temperature
3. Mineralogy
Most igneous rock types (dry) have dielectric values in the range of 5-10, which is much
too low to explain the high reflectivity values. However, various types of metallic minerals (e.g.,
pyrite, FeS2) have dielectric constants high enough to explain the high reflectivity values in the
venusian highlands (Ford and Pettengill, 1983; Pettengill et al., 1988; Klose et al., 1992).
1.2

Previous Work
Rogers and Ingalls, (1970) summarized the three, at the time, leading explanations for the

nature of the anomalous regions:
1. Differences in local surface roughness; i.e., bright regions are rougher than darker
regions
2. Differences in atmospheric absorption
3. Differences in surface material; i.e., changes in the dielectric constant
Since then, several studies have expanded on these explanations for the high reflectivity regions
by hypothesizing increased surface roughness, metallic materials with higher dielectric constants,
or ferroelectric materials (Rogers and Ingalls, 1970; Tryka and Muhleman, 1992; Shepard et al.,
1994). Additionally, previous work suggests that several processes such as surface-atmospheric
7

interactions or low-lying clouds/fog (Schaefer and Fegley, 2004) may explain the regions of high
reflectivity. The predominantly accepted explanation for the anomalous areas is generally credited
to differences in material (lower emissivity values), as opposed to a change in roughness at radar
wavelengths (Pettengill et al., 1982; Pettengill et al., 1988; Treiman, 2007). While it is agreed by
experts that the material is an alteration of or coating on the underlying rock material, and that the
altitude dependence signifies atmospheric transport or reaction, there is disagreement on the nature
of the material itself (Treiman, 2007).
1.2.1 Mechanisms
1.2.1.1 Surface Roughness
When analyzing planetary reflectivity data, the typical relationship between reflectivity
and surface is caused by changes in surface roughness, where the rougher the terrain, the brighter
the reflection. If roughness was the cause of the anomalous reflectivities, then rough areas would
be bright at large angles of incidence and darker at low angles (Rogers and Ingalls, 1970).
However, studies have shown that the high values could only be explained by either a highly
reflecting surface material or a mix of surface roughness and highly reflecting material. Surface
roughness cannot be the sole cause of the radar anomalies (Rogers and Ingalls, 1970; Rogers et
al., 1974).
1.2.1.2 Heavy Metal Frost of Bismuth (Bi) and Lead (Pb)
Bismuthinite (Bi2S3) and galena (PbS) are plausible explanations for the radar anomalies,
as models indicate that they condense in conditions typical of those found at an altitude of
approximately 2.6 km, if bismuth and lead are reduced to ~ 4 ppb and ~ 86 ppb, respectively
(Schaefer and Fegley, 2004). These values are less than those found in the terrestrial oceanic crust,
but fall within the range of Bi and Pb in eucrites, basaltic meteorites used as analogs for the
8

venusian crust (Kitts and Lodders, 1998). The fact that Venus formed in a higher temperature
region of the solar system supports the possibility of Bi and Pb depletion, as Venus accreted fewer
volatiles than Earth (Schaefer and Fegley, 2004; Lewis and Prinn, 2013). Finally, bismuthinite and
galena have high enough dielectric constants to produce the observed reflectivities (Young and
Frederikse, 1973; Lukaszewicz et al., 1999; Schaefer and Fegley, 2004).
1.2.1.3 Metal Halides and Sulfides
On Earth, volcanic gases form halides and sulfides through thermochemical equilibrium
reactions, and the abundances of H2, HCl, and H2S control the division of halides and sulfides
along with the total pressure and temperature of the volcanic vent (Brackett et al., 1995). Modeling
of solid diffusion transport on Venus shows that buried volatile material would require billions of
years to diffuse through solid rock. Therefore, the high enrichment factors suggest that these
phases are found in volcanic vapors and not trapped beneath solid rock (Brackett et al., 1995).
Some metal halides and chalcogenides have high enough dielectric constants that a layer only a
few centimeters thick would produce the observed emissivity (Brackett et al., 1995).
Salt weathering, a type of mechanical or physical rock weathering, could be caused by the
condensation of metal halides and chalcogenides. Though this normally would require the presence
of water, it can still occur due to crystal precipitation from a supersaturated fluid (Brackett et al.,
1995). This is a possible mechanism for producing a rocky surface in a dry, low-loss soil layer.
Salt weathering would be more probable in the highlands because:
1. The highest abundances of metal halides and chalcogenides reside in the venusian
highlands.
2. The residence time is long owing to the dependence of vapor pressure on temperature
(Brackett et al., 1995).
9

1.2.1.4 Low-Loss Soils and Voids in Surface Rock
Low-loss soils have been suggested by several studies (Tryka and Muhleman, 1992) as
well as soils with decimeter-sized voids (Pettengill et al., 1992; Pettengill and Ford, 1993). The
scattering properties of a system of dispersed dense rock fragments could provide the observed
low emissivities (Tryka and Muhleman, 1992). However, a geologic formation mechanism has not
been identified and it is unknown how the development of this type of surface material would be
correlated with altitude (Klose et al., 1992; Brackett et al., 1995).
1.2.2 Compositional Sources
1.2.2.1 Pyrite (FeS2)
Pettengill et al. (1982) suggest that iron sulfides, such as pyrite, can explain the observed
high reflectivity, as pyrite has a high conductivity between 1 and 105 mho/m. Pettengill et al.
(1982), Pettengill et al. (1988), and Klose et al. (1992) postulated that atmospheric sulfur reacts
with iron in the basalts to make pyrite. The higher reflectivity in the highlands could be explained
by new, pyrite-rich rock surfaces resulting from advanced weathering (Pettengill et al., 1982;
Arvidson et al., 1991). However, several studies have shown that pyrite is not thermodynamically
stable in venusian conditions, and that it will spontaneously decompose to pyrrhotite, and
consequently be destroyed on short geological timescales (Fegley and Treiman, 1992; Fegley et
al., 1993). Additionally, several studies propose that carbonyl sulfide (COS) would be quenched
at 1-2 km altitude, meaning that the atmospheric conditions in the highlands are likely more
oxidizing than originally predicted (Fegley and Lodders, 1995; Fegley et al., 1995; Zolotov, 1996;
Fegley, 1997). Thus, with insufficient sulfur, and an oxidizing atmosphere, pyrite would
decompose to iron oxides (likely magnetite or hematite) and sulfur vapor (Fegley, 1997).
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1.2.2.2 Perovskite (CaTiO3)
Perovskite is another possible explanation in the highlands, where destruction by
interactions with CO2 and SO2 is kinetically inhibited (Fegley et al., 1992). Its elemental
components, calcium, titanium, and oxygen, have all been measured on Venus’s surface or in the
atmosphere. However, titanium would more likely be in the form of ilmenite (FeTiO3) or rutile
(TiO2), and perovskite would not be stable in the SiO2 basalts on the venusian surface (Brackett et
al., 1995). While perovskite has a dielectric constant high enough to explain the anomalies (~ 165)
there would need to be an improbable amount (> 20%) to account for the observed emissivity
(Klose et al., 1992; Brackett et al., 1995).
1.2.2.3 Fe- and Ti-rich Basalts
Traditional basalts do not have a high enough dielectric constant to account for the high
reflectivity observed on Venus; however, Fe- and Ti-rich basalts could be adequate to cause the
radar anomalies by having a high enough dielectric constant (Garvin et al., 1985). Yet, surface
composition studies have shown that the abundance of Fe is poor, and there is no evident reason
why Fe-rich basalts would erupt at high altitudes, while Fe-poor basalts erupt at low altitudes
(Klose et al., 1992). Alternatively, weathering can expose underlying layers of secondary
conductive minerals (Klose et al., 1992).
1.2.2.4 Tellurium (Te)
Tellurium (Te) would be liquid in the lowlands, with a melting point temperature of 723
K, but solid above the critical altitude of 6,054 km (Seiff et al., 1980; Pettengill et al., 1996). It
also has a saturation vapor pressure of approximately 7 x 10-4 bar, dropping to 10-5 bar in the
Maxwell Montes highlands. This means a continuous cold-trap deposition of Te could be possible
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provided there is enough Te available above 6,054 km (Brackett et al., 1995; Pettengill et al.,
1996).
Te is outgassed from volcanoes on Earth, and assuming that Venus has similar elemental
abundances, Te should be readily available in venusian volcanoes. If so, a layer 5 µm thick would
provide the necessary conductivity value to correspond with the observed complex dielectric
constant value (Pettengill et al., 1996). This would require volcanic outgassing of less than 1 part
in 10-4 over the highlands, assuming the terrestrial abundance of 0.016 ppm.
Schaefer and Fegley (2004) countered that a Te abundance of ~ 60,000 times the terrestrial
abundance would be needed to produce frost at the anomalous altitudes, and that it is
geochemically implausible. Additionally, Te is not inert – it will react with the atmosphere to form
compounds with sulfur (Schaefer and Fegley, 2004). Additionally, evidence of Te emissions has
not been found.
1.2.2.5 Ferroelectric Materials
Ferroelectric materials are characterized by a permanent polarization that can be reversed
by the application of an electric field only up to a critical temperature known as the transition
temperature (Shepard et al., 1994). Below the transition temperature, the dielectric constant range
is typical of many capacitor ceramics, but above the transition temperature, the dielectric constant
sharply increases (Shepard et al., 1994). Ferroelectric materials are not metallic, and only a small
amount (<< 1%) is needed to explain the observed emissivity (Shepard et al., 1994). The variations
in the critical altitudes of the anomalies can be explained by small changes in solid-solution
composition, in that even a 1% difference in composition can change the transition temperature by
at least 8 K. This is the equivalent of a 1 km decrease in altitude.
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This explanation is plausible since it explains (1) the reduction in emissivity with
increasing altitude, (2) the return to normal emissivity at high elevations, and (3) the variation in
the critical altitude from region to region (Shepard et al., 1994). While no specific phase has been
identified (Brackett et al., 1995), recently chlorapatite (Ca5(PO4)3Cl) has been proposed due to the
possibility that it could form by a chemical reaction between fluorapatite (Ca5(PO4)3F) and HCl in
the Venus atmosphere (Harrington and Treiman, 2015).
1.3

Dissertation Goals and Significance
The Pioneer Venus and Magellan missions provided much of the information we have on

the venusian surface conditions. They showed that in several highland areas, the reflectivity values
are higher than the average planetary reflectance value (Rogers and Ingalls, 1970; Pettengill et al.,
1982; Garvin et al., 1985; Pettengill et al., 1988; Pettengill and Ford, 1993). This project supports
these missions by collecting experimental data, which can be compared to mission data in order to
find the source of the radar anomalies. This information will be valuable to both past and future
NASA missions to Venus as a basis for comparison with data from landers and orbiters.
In 2015, the NASA Discovery program selected two Venus science mission investigations
for potential flight opportunities: VERITAS (Venus Emissivity, Radio Science, InSAR,
Topography, and Spectroscopy) and DAVINCI (Deep Atmosphere Venus Investigation of Noble
gases, Chemistry, and Imaging). VERITAS is designed to produce global, high-resolution
topography and imaging of Venus’ surface, producing maps of deformation and global surface
composition. DAVINCI will study the chemical composition of Venus’s atmosphere using an
atmospheric probe to determine evidence of active volcanism on the planet and to provide better
understanding of surface-atmospheric interactions. The elemental and mineralogical composition
of the surface in the highlands is currently unknown and is a key investigation site according to
13

the Venus Exploration Analysis Group (VEXAG) (Herrick et al., 2014). The research conducted
here, specifically the investigation of the source of the high-altitude radar anomalies, will provide
comparison to the data received from these potential missions. In addition, since the source is
likely compositional in nature, the surface layering will provide geologic structural understanding
and will contribute to advancements in our understanding of volcanism, as many possible anomaly
sources may be outgassed by volcanoes. Finally, if the source is found to be a metallic frost, this
will contribute to our knowledge of the chemical makeup as well as the dynamic meteorology of
the lower troposphere of Venus and low altitude clouds. Evidence from Venera 13 and 14 suggests
a low layer cloud deck at an altitude of 1-2 km that could consist of tellurium, bismuth, or lead
compounds (Kerr, 1996; Grieger et al., 2003).
While theoretical studies have suggested possible sources of the Venus radar anomalies,
few experimental investigations have attempted to validate the hypotheses (Rogers and Ingalls,
1970; Tryka and Muhleman, 1992; Shepard et al., 1994; Brackett et al., 1995). This project was
designed to provide experimental results determining phase stability under Venus near surface
conditions and to constrain the processes by which those minerals are formed on the surface.
Following the general consensus that the source of the anomalies is due to differences in surface
composition, by alteration, atmospheric transport, or reaction, experiments were conducted to test
the stability of compounds/phases identified in the literature under venusian conditions with their
implications as possible sources of the radar anomalies.
The goal of this dissertation is to present the results of stability experiments of various
minerals at the conditions corresponding to the average Venus surface (~ 467°C, 95 bar), and the
altitude at which the anomalies are observed (~ 380°C, 55 bar) under Venus atmospheric
compositions. Three types of minerals were investigated: primary igneous phases (silicates), non14

volatile phases with high dielectric constants, and volatile phases (also with high dielectric
constants, e.g., tellurium) that could form and/or condense on the surface. The results of these
experiments will put constraints on the possible reactions between minerals (primary and
secondary) within the venusian atmosphere. Therefore, the results of these experiments will help
to identify the possible source(s) of radar-bright anomalies if they are compositional in nature.
1.4

Dissertation Outline
Chapters 2-5 consist of manuscripts in preparation, under review, or published. Chapter 2

was published in the Encyclopedia of Planetary Landforms by Springer in 2014 and defines the
term radar anomaly as it applies to Venus and details some of the leading formation theories. In
Chapter 3, the results of stability and reactivity experiments on tellurium compounds are presented.
This chapter also proposes a new compound (coloradoite, HgTe) as the source of the radar
anomalies on Venus based on experimental results. Chapter 3 has been submitted to Geology.
Chapter 4 discusses the results of stability experiments on three additional compounds suggested
as potential sources for the anomalies. Chapter 4 is currently in preparation and will be submitted
to Geophysical Research Letters. Chapter 5 expands on Chapters 3 and 4 by testing the compounds
in a chemically simulated venusian atmosphere of 96.5% CO2, 3.5% N2 and 150 ppm SO2. These
experiments allowed a better understanding of the nature of the interactions between the
atmosphere and the surface of Venus. Chapter 5 is currently in preparation and will be submitted
to Earth and Planetary Science Letters.
1.5
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2

Radar Anomaly (Venus)

2.1

Definition
A high reﬂectivity radar feature concentrated in the Venusian highlands.

2.2

Category
A type of radar feature

2.3

Description
Strong radar signal reﬂected from elevations above about 2.5 km (near the equator) or 5

km (at 60°N) on Venus that becomes less pronounced at the highest elevations (Klose et al., 1992);
there is also a commensurate low microwave emissivity at the same locations. The planetary
average reﬂectivity on Venus is 0.14 ± 0.03. However, this reﬂectivity ranges between 0.35 ± 0.04
and 0.43 ± 0.05 in the highlands (Pettengill et al., 1988). Most of the high-altitude regions
displaying anomalous reﬂectivity and emissivity are also very rough on centimeter to meter scales,
making inference of surface properties difﬁcult. A notable exception is the crater Cleopatra on the
ﬂank of Maxwell Montes, which has enough mirror-like surface elements that a quasi-specular
echo could be measured during Magellan bistatic radar experiments in 1994.
2.4

Subtypes
Enhanced reﬂectivity begins at 2.5 km above the mean spherical surface at equatorial

latitudes (5 km at 60°N) and extends to higher elevations. At the highest elevations (especially
above 9–10 km on Maxwell Montes), the anomaly is less pronounced.
2.5

Interpretation (Inferred Composition)
The cause of the radar enhancement is not known, but several theories have been advanced,

including (1) increased surface roughness; (2) mantling by materials with higher dielectric
19

constants such as tellurium, ferroelectric materials, and lead or bismuth sulﬁdes; and (3) surfaceatmospheric interactions leading to unknown compounds with unusual electrical properties
(Rogers and Ingalls, 1970; Tryka and Muhleman, 1992). Pettengill et al. (1996) proposed a thin
coating of elemental tellurium, a trace gas in terrestrial volcanic eruptions which has a phase
transition at temperatures expected near the 2.5–5 km altitudes on Venus. But Schaefer and Fegley
(2004) have shown that elemental tellurium is found to be unstable on Venus and is not expected
to condense below 6,100 km; instead, they favor condensation of certain lead and bismuth
compounds with e ~ 100 - 200. Kohler et al. (2013) concluded that tellurium is unstable under
Venusian conditions but that a mercury telluride compound (coloradoite) would be a better
candidate. Shepard et al. (1994) proposed a ferroelectric model for the highlands; Brackett et al.
(1995) proposed cold trap deposition of high dielectric volatiles. Garvin et al. (1985) proposed that
Fe-and Ti-rich basalts could be responsible but landers found the Venusian basalt to be depleted
in Fe and there is no reason that Fe-and Ti-rich basalts would erupt only at high altitudes (Klose
et al., 1992). Campbell et al. (1999) saw evidence for multiple scattering in anomalous areas and
development of a radar-dark mantle that mitigates regional enhancement at the highest elevations.
Low-loss soil (Tryka and Muhleman, 1992) and soils with decimeter-sized voids (Pettengill et al.,
1992; Pettengill and Ford, 1993) have been suggested but no geologic mechanism has been
suggested (Brackett et al., 1995). Kohler et al. (2012) reported on the stability of candidate
materials under simulated Venus conditions.
2.6

Formation
As the source for the radar anomalies has not been determined, the formation mechanisms

are unknown as well.
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2.7

Age
Klose et al. (1992) postulated that Maat Mons is relatively younger than other elevated

regions showing enhanced radar reﬂectivity.
2.8

Prominent Examples
Maxwell Montes, Aphrodite Terra, Theia Mons, Ovda Regio (Figure 2.1). Maat Mons is

not anomalous despite having a high summit.
2.9

Distribution
Most parts of Venus more than 2.5 km above the mean spherical surface at the equator

(e.g., Sapas Mons) and more than 5 km above the mean surface at 60°N (e.g., Maxwell Montes)
have enhanced microwave reﬂectivity and suppressed microwave emissivity.
2.10

Significance
Unknown

Figure 2.1 - Venus Magellan Emissivity map. O Ovda Regio, T Tethis Regio, M Maxwell Montes
(dark circular spot: Cleopatra crater); B Beta Regio (dark circular spot, Theia Mons); A Atla Regio
(dark circular spot, Ozza Mons). (PDS, NASA/JPL). See additional images in ▶ radar features
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2.11

Terrestrial Analog
None

2.12

History of Investigation
The surface of Venus has been mapped primarily using centimeter wavelength radar

because the planet’s thick atmosphere and clouds obscure the surface at other wavelengths. From
the earliest Earth-based observations (Campbell et al., 1976), it was apparent that certain parts of
the planet reﬂected radar signals very strongly. After the arrival of the Pioneer Venus orbiting
altimeter, it became clear that the radar-bright regions were also unusually dark in microwave
radiothermal emission and that both correlated with altitude (Ford and Pettengill, 1983).
Measurements were reﬁned using the Magellan synthetic aperture radar and altimeter (Tyler et al.,
1991; Ford and Pettengill, 1992; Pettengill et al., 1992). It was found that the anomalous conditions
began at different elevations depending on latitude and became less pronounced at the highest
elevations (Klose et al., 1992). Maat Mons, by contrast, with one of the highest summits on the
planet, showed little or no anomalous behavior (Robinson et al., 1995; Pettengill et al., 1996).
Bistatic radar experiments, conducted with coherently sampled orthogonal polarizations late
during the Magellan mission, indicated that the material causing the high reﬂectivity was a
semiconductor at 2.3 GHz (Pettengill et al., 1996).
2.12

See Also
▶ Radar Feature
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3

Experimental Investigation of Tellurium Compounds as Sources for the Venusian
Radar Anomalies

3.1

Abstract:
The source of the venusian radar anomalies has intrigued the planetary science community

since they were discovered in the 1960s (Rogers and Ingalls, 1970). Theoretical studies have been
produced in an effort to determine the possible sources of these radar anomalies, but few
experimental investigations have been done to validate the theories (Rogers and Ingalls, 1970;
Tryka and Muhleman, 1992; Shepard et al., 1994; Brackett et al., 1995). This paper presents the
results of stability experiments under Venus conditions on two different tellurides. While our
experiments show that tellurium is not a good candidate, we propose coloradoite (HgTe) as a
potential candidate due to its high stability under venusian conditions, especially in the highlands
where the radar anomalies are observed.
3.2

Introduction

3.2.1 Radar Anomalies on the Venusian Highlands
The identification of radar anomalies on Venus has sparked debate about potential
atmospheric interactions with the surface. These high reflectivity, low emissivity anomalies have
been found on the venusian surface between altitudes of 2.5 and 4.75 km using radar mapping
(Rogers and Ingalls, 1970; Pettengill et al., 1982; Ford and Pettengill, 1983; Garvin et al., 1985;
Pettengill et al., 1988). This has led to several theoretical studies on the source of these anomalies,
including but not limited to increased surface roughness, condensation of metallic materials with
higher dielectric constants, or ferroelectric materials (Rogers and Ingalls, 1970; Tryka and
Muhleman, 1992; Shepard et al., 1994). Additionally, more recent work suggests other processes
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such as surface-atmospheric interactions or low lying clouds/fog (Schaefer and Fegley, 2004).
Evidence from Venera 13 and 14 suggests a low layer cloud deck at an altitude of 1-2 km that
could consist of tellurium, bismuth, or lead compounds (Kerr, 1996; Grieger et al., 2003).
Unfortunately, no study has yet presented conclusive evidence of the source of these radar bright
signals in the highlands.
3.2.2 Previous Works
Tellurium (Te) would be a liquid in the Venus lowlands, with a melting point of 723 K, but
a solid above the critical altitude of 6,054 km (Seiff et al., 1980; Pettengill et al., 1996). It also has
a saturated vapor pressure of approximately 7 x10-4 bars, dropping to 10-5 bars in the Maxwell
Montes highlands. This indicates that a continuous cold-trap deposition of Te could be possible if
there is enough Te available in the atmosphere above 6,054 km (Brackett et al., 1995; Pettengill et
al., 1996).
Te is outgassed from volcanoes on Earth, and assuming that Venus has similar bulk
chemistry, Te should be readily available in Venus volcanoes. If so, a layer 5 µm thick would
provide the necessary conductivity to correspond with the observed complex dielectric constant
(Pettengill et al., 1996). This would require outgassing of less than 1 part in 10-4 over the highlands,
assuming the terrestrial abundance of 0.016 ppm. However, Te emissions have not yet been
verified.
Schaefer and Fegley [2004] countered that a Te abundance of ~ 60,000 times the terrestrial
abundance would be needed to produce frost at the anomalous altitudes, and that it is
geochemically implausible. Additionally, Te is not inert – it will react with the atmosphere to form
compounds with sulfur.
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In a more recent study on the signature characteristics of both Ovda Regio and Maxwell
Montes, there is evidence of multiple causes of these anomalous regions. The radar properties of
Ovda Regio seem to be consistent with a ferroelectric material (Harrington and Treiman, 2015).
Of particular interest to this study is that the area of Maxwell Montes shows evidence of a “snow
line” formed by precipitates from the atmosphere, or a chemical reaction between the surface and
the atmosphere (Harrington and Treiman, 2015).
3.2.3 Surface Properties – Dielectric Constant
Scientists working with Pioneer Venus data calculated a dielectric constant of ~ 5 for the
lowlands and calculated that the dielectric constant required for the high reflectivity values is ≥ 20
(Ford and Pettengill, 1983; Pettengill et al., 1988; Tyler et al., 1991; Klose et al., 1992). Most
igneous rock types (dry) have dielectric values in the range of 5-10, which is much too low to
explain the higher values. However, there are various types of metallic minerals with dielectric
constants high enough to explain the high reflectivity values in the venusian highlands (Ford and
Pettengill, 1983; Pettengill et al., 1988; Klose et al., 1992). Tellurium has a measured dielectric
constant of 28.0 in monocrystalline form and 27.5 in polycrystalline form, while coloradoite has a
dielectric constant of ~14 (Dickey and Mavroides, 1964; Young and Frederikse, 1973).
Individually, these vary greatly, but still fall in the error range of 21.8 ± 7.6 (Pettengill et al., 1988).
While theoretical studies have helped to determine the possible sources of these radar
anomalies, few experimental investigations have been done to validate the theories (Rogers and
Ingalls, 1970; Tryka and Muhleman, 1992; Shepard et al., 1994; Brackett et al., 1995). We theorize
that the most likely explanation of the bright radar signal in the venusian highlands is the formation
of radar reflective materials through interactions between the surface and the atmosphere. Our
experiments directly investigate the stability of tellurium compounds/phases identified in the
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literature under venusian conditions with their implications as possible sources of the radar
anomalies.
3.3

Methods

3.3.1 Description and Justification of Starting Materials
The minerals chosen for this project were tellurium (Te), mercury sulfide (HgS), and
coloradoite (HgTe). Tellurium, with a melting point temperature of 723 K, would be a solid above
the critical altitude of 2.5 km, where the radar anomalies reside. A continuous cold-trap deposition
of tellurium degassed by volcanism could be possible if appreciable quantities of tellurium exist
above this altitude (Pettengill et al., 1996). Tellurium has been directly measured in the outgassing
of Earth’s volcanoes (Greenland and Aruscavage, 1986; Churakov et al., 2000; Mather et al.,
2012). Estimates of volcanic flux of tellurium from Etna (Italy) range from 1 to 5 tons per year
(Milazzo et al., 2014). Therefore, considering the similarities in bulk composition and size between
Earth and Venus, we assume venusian volcanoes outgas Te with similar abundances to Earth’s
volcanoes. This leads to the possibility of tellurium being cold-trapped at higher altitudes and
forming a metallic “frost” on the surface, causing changes in radar signatures compared to those
measured at lower altitudes. In addition, only a small layer of approximately 5 µm would provide
the necessary conductivity value (Pettengill et al., 1996). However, Schafer and Fegley [2004]
suggest that elemental tellurium would be unstable in venusian surface conditions and would form
compounds with sulfur.
Mercury, like tellurium, has been measured in the outgassing of Earth’s volcanoes, hence
its presence in the venusian atmosphere is likely the result of volcanic activity (Churakov et al.,
2000; Mather et al., 2012). Measurements from Venera 11 and 12 as well as Pioneer Venus put
the upper limit of mercury at 5 ppm in the lower atmosphere (Hoffman et al., 1979; Barsukov et
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al., 1982). Mercury compounds are known to be electrical conductors and, if precipitated onto the
surface, would provide higher radar reflectivity values than the surrounding basalts. HgS was
chosen for this project instead of elemental mercury (Hg) due to safety risks and because HgS is
less volatile than elemental Hg. Due to the relatively high sulfur content in the Venus atmosphere
and its reactivity with mercury, HgS would be the likely Hg compound in a sulfur-rich
environment.
Coloradoite is a common telluride and is often found in skarns, massive sulfides, and
magmatic segregates on Earth (Afifi et al., 1988). Active volcanism on Venus would create
conditions suitable to the formation of coloradoite. With a dielectric constant of 14 (Dickey and
Mavroides, 1964; Madelung, 1992) coloradoite, a semiconductor, would provide a higher
reflectivity than the lowlands.
3.3.2 Experiments
Two sets of experiments were run in two different configurations each: (a) stability
experiments to test the stability of our candidate materials and (b) reactivity experiments that tested
reactions between candidate materials and the venusian atmosphere.
3.3.2.1 Stability Experiments at Ambient Pressure
In order to isolate the effects of temperature, all compounds were tested under ambient
pressure in a Lindberg tube oven at the University of Arkansas. A 1 gram, powdered sample of
each compound was heated separately to 380°C and 467°C (temperatures corresponding with the
highlands and lowlands of Venus, respectively), under a carbon dioxide (CO2) flow, for 18 hours
each. An estimated total uncertainty in the run temperature is ± 5 K.
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3.3.2.2 Stability Experiments at Venus Surface Conditions
Stability experiments on the same compounds, were conducted in Venus In-situ Chamber
Investigations (VICI) at NASA Goddard Space Flight Center to test the effect of CO2 under
pressure as a supercritical fluid. The chamber is approximately 30.5 cm deep and 12.7 cm in
diameter, and it is constructed of stainless steel. It can maintain a CO2 atmosphere at 95.6 bar and
467°C for roughly 48 hours (Johnson and Wegel, 2011). Labview recorded pressure (psi) and
temperature (°C) data, and gases were released via a controlled ventilation system. Before each
run, the chamber was flushed with compressed nitrogen (N2). The chamber was then filled to a
preset pressure with CO2, equilibrated at ambient temperature and heated to the desired
temperatures, thus reaching corresponding pressures. An estimated total uncertainty in the run
temperature is ± 10 K.
One gram of each compound (ground and dry sieved to 63 µm) was individually tested in
the chamber for 18 hours, in a CO2 atmosphere, at average venusian surface conditions, and then
at highland conditions (467°C and 90 bar, 380°C and 55 bar respectively). The latter conditions
are the anticipated temperature and pressure at the 11 km altitude summit of Maxwell Montes
using a -7.7 K/km adiabatic lapse rate (Seiff et al., 1980; Crisp and Titov, 1997). By testing these
two environments, the full range of the radar anomalies’ altitudes was covered. After each run, the
samples were weighed to determine mass loss or gain, an indicator of stability and/or reactivity.
3.3.2.3 Reactivity Experiments at Ambient Pressure
Experiments were conducted to test for potential reactivity with Hg-compounds,
specifically, HgS. Mercury sulfide (HgS) and tellurium samples were heated in the Lindberg tube
oven at the same time, one heated to 467°C and the other heated to 380°C. The experiment was
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then repeated by switching the samples so that each sample was tested at both temperatures. In all
reactivity experiments, tellurium was down flow from HgS.
3.3.2.4 Reactivity Experiments at Venus Surface Conditions
The same reactivity experiments between HgS and Te were conducted in the chamber. One
gram of each compound (ground and dry sieved to 63 µm) was simultaneously tested in the
chamber for 18 hours, in a CO2 atmosphere, at average venusian surface conditions, and also at
highland conditions (467°C and 90 bar, 380°C and 55 bar respectively).
3.3.3 Analytical Techniques
All samples were analyzed using X-Ray diffraction (XRD) to determine their mineralogy.
The prepared powdered samples were characterized by XRD at room temperature using a
PANalytical X’Pert Materials Research Diffractometer. All patterns were scanned in the 15-85°
2Θ range with a step size of 0.02° and 0.05 seconds per step. The associated software, X’Pert
Highscore was used for phase identification, and we used Reitveld refinement to quantify the
amount of minerals present in each sample.
The morphology and chemistry of each sample were characterized by scanning electron
microscopy (SEM) with energy-dispersive X-ray spectroscopy (EDS). SEM images were taken on
a Philips XL 30 ESEM with a beam intensity of 10 kV and an SUTW sapphire detector. The
instrument was coupled with an EDS analytical system for semi-quantitative chemical analysis.
This combined technique enabled analysis of reaction fronts and provided relative elemental
composition. It also allowed for identification of reaction products that formed in amounts lower
than the detection limits of XRD.
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3.4

Results
A summary of the resulting mineral composition of all tested samples is presented in Table

3.1 (stability experiments) and Table 3.2 (reactivity experiments).
Table 3.1 - Summary of the stability results tested at surface T, high altitude T, surface P&T, and
high altitude P&T under a CO2 atmosphere. Percentages show the amount of the original sample
that identified as each mineral under XRD.
Stability Experiments
Oven Experiments
Original
Composition

467°C, 1 bar

Chamber Experiments
380°C, 1 bar

Te

TeO2

100%

HgTe

TeO2

100%

467°C, 95 bar

380°C, 55 bar

Te

46% Te

79%

Te

76%

TeO2

54% TeO2

21%

TeO2

24%

HgTe

9%

39%

HgTe

72%

Te

91% Te

61%

Te

28%

HgTe

Table 3.2 - Summary of the reactivity results tested at surface T, high altitude T, surface P&T, and
high altitude P&T under a CO2 atmosphere. Percentages show the amount of the original sample
that identified as each mineral under XRD.
Reactivity Experiments
Oven Experiments
Original
Composition
Te

HgS

467°C, 1 bar

380°C, 1 bar

Te

2%

TeO2

98%

Volatilized

Chamber Experiments
467°C, 95 bar

380°C, 55 bar

Te

34% Te

18% Te

24%

TeO2

21% TeO2

78% TeO2

35%

HgTe

45% HgTe

4%

41%

Volatilized

Volatilized

HgTe

Volatilized
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3.4.1 Stability Experiments at Ambient Pressure
In the high temperature (467°C) oven stability experiment, tellurium decreased in mass by
0.13 g and showed a color change from dark grey/black to a lighter whitish grey. XRD analysis
showed that the tellurium sample completely oxidized into paratellurite (tellurium oxide, TeO2)
(Figure 3.1). At the lower temperature (380°C), tellurium increased in mass by 0.02 g and showed
slight color change to lighter grey. XRD analysis revealed that only 54% of the sample was
composed of paratellurite, leaving 46% unchanged (Figure 3.1).

Figure 3.1 - XRD results of the tellurium oven stability experiments. The two experiment samples
identified as a mix of tellurium and paratellurite. The + sign indicates the main peaks of elemental
tellurium and # marks paratellurite peaks. The amount of paratellurite increases with increasing
temperature.
Coloradoite lost 0.64 g at higher temperature and 0.45 g at lower temperature. Both samples
showed a color change to light grey from the original black. The sample tested at 380°C showed
fading from light grey to a darker grey. XRD analysis showed that the coloradoite sample
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completely oxidized into paratellurite. The sample altered at the lower temperature was composed
of 91% tellurium and 9% coloradoite (Figure 3.2).

Figure 3.2 - XRD results of the coloradoite oven stability experiments. At 467°C, the coloradoite
sample the completely oxidized into paratellurite. At 380°C, the tested sample identified as 91%
tellurium, leaving 9% unaltered coloradoite. The + sign indicates several peaks of elemental
tellurium, # is paratellurite, and * is coloradoite. The peaks at 37 and 43 are from the sample mount.
3.4.2 Stability Experiments at Venus Surface Conditions
High pressure experiments showed that tellurium’s mass decreased by 0.09 g at higher
pressure (467°C, 95 bar) and developed a grey ashy look while displaying small metallic bubblelike formations indicating melt (Figure 3.3). XRD analysis identified the sample as 79% tellurium
and 21% paratellurite. At lower pressure (380°C, 55 bar) the sample decreased by 0.01 g and
appeared a dark grey. XRD patterns verified tellurium at 76% and paratellurite at 24% (Figure
3.4).
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Figure 3.3 - Images of tellurium samples after the two stability chamber experiments were
concluded. (A) is 1 gram of untested tellurium for comparison, (B) is the sample tested at 380°C
and 55 bar, showing a greyish appearance, and (C) is the sample tested at 467°C and 95 bar
showing evidence of melting and solidification of tellurium.

Figure 3.4 - XRD results of the tellurium Venus simulation chamber stability experiments.
Approximately 20% of the tellurium sample oxidized to form paratellurite in each heated sample.
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Coloradoite lost 0.43 g at higher pressure and 0.21 g at lower pressure. Both samples had
a dusky appearance at the end of the experiment. XRD analysis of the high pressure samples
identified peaks of tellurium (61%) and coloradoite (39%). The sample altered at lower pressure
was composed of 28% tellurium and 72% coloradoite (Figure 3.5).

Figure 3.5 - XRD results of the coloradoite Venus simulation chamber stability experiments.
Coloradoite is more stable at lower temperatures. The + sign indicates the larger main peaks of
elemental tellurium.
3.4.3 Reactivity Experiments at Ambient Pressure
In the oven reactivity experiments, tellurium tested at 467°C increased in mass by 0.02 g
and the mercury sulfide sample completely volatilized. Additionally, the tellurium sample turned
white in color. When analyzed with XRD, the results showed that 98% of the sample was
composed of paratellurite and 2% was tellurium. An experiment run with tellurium at 380°C and
mercury sulfide at 467°C showed an increase in mass of the tellurium sample by 0.47 g, and the
mercury sulfide again vaporized. The color of the tellurium sample stayed a darker grey, with
evidence of white colored flakes. Coloradoite (mercury telluride, HgTe) was identified in XRD
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patterns at 45% along with paratellurite (21%) and tellurium (34%) (Figure 3.6). EDS in
conjunction with SEM was used to observe the morphology and elemental identification of the
sample. The chemistry and morphology of the sample is consistent with HgTe. Figure 3.7A shows
a paratellurite crystal from this experiment.

Figure 3.6 - XRD results of tellurium in its reactivity oven experiments with mercury sulfide. The
+ sign indicates the largest peaks of elemental tellurium, # is paratellurite, and * is coloradoite.
Coloradoite formed in the tellurium sample at 380°C but did not form at 467°C. The sample
completely transformed into paratellurite at 467°C.
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Figure 3.7 - SEM images of tellurium samples showing recrystallization. (A) 467°C and ambient
pressure, at top right is a paratellurite crystal. (B) 380°C and 55 bar, this image shows evidence of
coloradoite crystals against a background of tellurium.
3.4.4 Reactivity Experiments at Venus Surface Conditions
Tellurium and mercury sulfide were tested in the chamber simultaneously to investigate
further reactions. The mercury sulfide sample in both chamber experiments completely volatilized,
while the mass of the tellurium sample increased by 0.16 g at 467°C, 95 bar and 0.49 g at 380°C,
55 bar. XRD of the high-pressure samples (467°C, 95 bar) identified patterns of paratellurite
(78%), tellurium (18%), and coloradoite (4%). Coloradoite (41%), tellurium (24%), and
paratellurite (35%) were identified in the sample at lower pressures (380°C, 55 bar) (Figure 3.8).
Analysis with SEM and EDS showed evidence of coloradoite as seen in Figure 3.7B.
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Figure 3.8 - XRD results of the tellurium samples tested in the Venus simulation chamber for
potential reactions with mercury. The sample tested at 467°C and 95 bar showed some evidence
of coloradoite formation, though the majority of the sample formed paratellurite. The sample at
380°C and 55 bar primarily formed coloradoite with some evidence of paratellurite formation. The
+ sign indicates the main peaks of elemental tellurium, # is paratellurite, and * is coloradoite.
3.5

Discussion

3.5.1 Mineral Stability
Tellurium oxidizes at all venusian temperatures, independent of pressure. The fact that it
is unstable under the conditions where the radar anomalies occur shows it is not an ideal candidate
for the anomalies. Coloradoite, however, is more stable at lower temperatures coinciding with
those where the anomalies are observed. The reactivity experiments with tellurium and mercury
sulfide showed that coloradoite will form at temperatures corresponding to those found at high
altitudes. This evidence of formation in addition to its stability at high altitude conditions shows
promise for coloradoite to be a potential source for the anomalies.
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3.5.2 Mineral Reactions
Our experiments show evidence of two transformations. The first is the reaction to form
coloradoite and the second is the oxidation of tellurium. The experimental data shows that
elemental Hg reacts strongly with Te to form coloradoite. Mercury is volatile, as seen in our
experiments where HgS completely vaporized in the chamber experiments and our coloradoite
samples, which showed considerable mass loss. This volatility allowed for the formation of
coloradoite via the following reaction:
2HgS + Te2 → 2HgTe + S2

(3.1)

Coloradoite is a common telluride, and it is often found in skarns, massive sulfides and
magmatic segregates on Earth (Afifi et al., 1988). Active volcanism on Venus would create
conditions suitable to the formation of coloradoite. The Gibbs free energy was calculated for this
formation at venusian temperatures using the published data from (Sha et al., 1989). Coloradoite
has a ΔG value of -30.8 KJ/mol at 380°C and -29 KJ/mol at 467°C. The Venus highland
temperatures (380°C) make more favorable conditions for the formation and stability of
coloradoite.
Tellurium oxidized in all of the experiments, indicating that pressure is not a factor in this
reaction. The formation of paratellurite occurs as follows:
Te + O2 → TeO2

(3.2)

The evidence of oxygen in the samples demonstrates that stability was based more on atmospheric
composition and less on temperature.
3.5.3 Effects of Pressure
The effects of pressure were more readily seen in our coloradoite experiments. Coloradoite
was more stable under higher pressures compared to the ambient pressure experiments with a
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maximum of 63% phase change difference in the 380°C experiments (72% HgTe at 55 bar vs. 9%
HgTe at 1 bar). Pressure appears to have affected the stability of tellurium, as similar
concentrations of elemental Te remained in higher pressure experiments (55 bar and 95 bar), but
significant instability was observed at 1 bar, where a larger percentage of paratellurite formed.
Limited literature is available for the binary Hg-Te system, including the vapor pressure of
the system (Brebrick and Strauss, 1965; Sha et al., 1989; Gierlotka, 2010). In the range of venusian
temperatures, pHg is greater than pTe by more than two orders of magnitude, and it is the
predominant vapor species in equilibrium with HgTe (Brebrick and Strauss, 1965) (Figure 3.9).
With continuous sublimation, sufficient Hg loss will produce Te-saturated HgTe, eventually
forming a Te-rich liquid phase. This was apparent in our experiments as evidenced in Figure 3.3C.

Figure 3.9 - (A) Calculated Hg pressure along liquidus line superimposed with Brebrick and
Strauss data. Associate liquid model adapted to liquid phase. (B) Calculated partial pressure of
Te2. The associate solution model adapted to liquid phase (Gierlotka, 2010).
3.5.4 Implications for the Venusian Highlands
In the chamber experiments, the stability of Te was approximately equal, but there was still
oxidation even though the chamber was flushed with N2 beforehand to reduce the amount of O2.
While the amount of O2 is uncertain in the venusian atmosphere, we wanted to eliminate as much
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as possible in our experiments, but also to determine the effect that even a low amount would have
on our minerals. If we had not flushed with N2, inserting CO2 corresponding to 95 bar, the upper
level of O2 would have been 20 ppm, which is below expected O2 values (Hoffman et al., 1979).
By flushing the system with N2 before each run, we were able to bring the value down further.
Mercury was measured in the venusian atmosphere by both Venera 11 & 12 and Pioneer
Venus, and with its volatility, it will more likely reside in the atmosphere at high altitudes
(Hoffman et al., 1979; Barsukov et al., 1982). Atmospheric tellurium, outgassed by volcanic
activity, has an inclination to react with oxygen, but with sufficient mercury abundance, it will
form coloradoite specifically in the altitude range where the high reflectance anomalies reside. If
one of these compounds precipitates onto the surface, it will provide higher radar reflectivity
values than the surrounding basalts.
Though the conductivity of tellurium and coloradoite have not been measured under
venusian conditions, we can compare Earth-based conductivity measurements to measurements of
the venusian surface to determine whether or not these minerals could be responsible for the bright
radar signals on the venusian highlands. Pettengill et al. [1996] measured the dielectric
conductivity of the venusian highlands as 21.8 ± 7.6. The dielectric constant of tellurium has been
measured as 30 and coloradoite as 14 (Dickey and Mavroides, 1964; Madelung, 1992). Both of
these measurements fall within the error measured on Venus. Coloradoite, however, is the more
ideal candidate because it forms, and shows a higher stability, under venusian highland
temperatures and pressures, where the anomalies are found. If coloradoite exists on the highland
surfaces, it will provide a higher reflectivity than the lowlands.
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3.6

Conclusions
Though tellurium had been previously hypothesized as a potential source for the venusian

radar anomalies, our experiments showed that it is unstable under venusian conditions and will
likely oxidize or react with other volatile elements such as mercury. The formation of coloradoite
from mercury and tellurium, both unstable under all venusian environments, is significant to this
investigation because this compound forms in conditions that correlate to radar anomaly altitudes
and are stable at these same conditions. While theoretical work has not mentioned the possibility
of coloradoite, with the correct abundance, it could form as a condensate in the venusian highlands.
This compound would then have a higher dielectric value than the surrounding and low-lying
basalt, creating a different radar signature. With the high stability and formation aptitude of
coloradoite, as well as its semiconductor status, it should be a candidate for the radar anomalies on
Venus.
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4

Experimental Investigation into the Radar Anomalies on the Surface of Venus

4.1

Abstract
The Venus highlands show regions of high radar reflectivity, the source of which has yet

to be identified. Many studies have suggested several possibilities for the cause, including, but not
limited to, ferroelectric materials, frost consisting of heavy metals, or pyrite. This study constrains
the source by experimentally testing the stability of two bismuth compounds and pyrite at Venus
surface temperatures and pressures in a CO2 atmosphere. Our experiments show that the bismuth
compounds are only stable at Venus highland conditions and thus cannot be the source, and that
the reactivity of iron compounds in Venus conditions is still not fully understood.
4.2

Introduction

4.2.1 Radar Anomalies on the Venus Highlands
Radar mapping of the surface of Venus shows areas of high reflectivity (low emissivity) in
the venusian highlands at altitudes between 2.5 and 4.75 kilometers (Rogers and Ingalls, 1970;
Pettengill et al., 1982; Ford and Pettengill, 1983; Garvin et al., 1985; Pettengill et al., 1988). The
reflectivities in these regions range between 0.35 and 0.43 in the highlands, compared to the
planetary average reflectivity of 0.14 (Pettengill et al., 1982). The low altitude radar properties are
characteristic of dry basalts; the higher anomalous properties indicate a semiconducting material
with high dielectric values (Pettengill et al., 1996; Schaefer and Fegley, 2004).
The origin of the radar anomalies found in the venusian highlands remains unclear. Most
explanations of the potential causes for these radar anomalies come from theoretical work (Rogers
and Ingalls, 1970; Tryka and Muhleman, 1992; Shepard et al., 1994; Brackett et al., 1995). Some
studies have suggested increased surface roughness, materials with higher dielectric constants, or
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surface-atmospheric interactions (Rogers and Ingalls, 1970; Tryka and Muhleman, 1992). The
anomalous areas are generally credited to differences in material, as opposed to a change in
roughness at radar wavelengths, but there is disagreement on the nature of the material itself
(Pettengill et al., 1982; Pettengill et al., 1988; Treiman, 2007). Among other suggestions, several
thermodynamic models have proposed materials like pyrite in the surface rock (Pettengill et al.,
1982; Ford and Pettengill, 1983), perovskite (Fegley et al., 1992), ferroelectric minerals (Shepard
et al., 1994), or heavy metal frost consisting of lead, tellurium, or bismuth (Brackett et al., 1995;
Pettengill et al., 1996).
While previous studies have been influential in determining possible sources for the Venus
anomalies, very few hypotheses have been verified via experimentation. The aim of this study is
to constrain the source of the radar anomalies on Venus using experimental procedures. The
stability results of three possible materials that could potentially cause the high reflectivities on
the surface of Venus are presented in this paper.
4.3

Materials and Methods

4.3.1 Description and Justification of Starting Materials
Bismuth compounds, specifically bismuthinite (Bi2S3), have been presented as plausible
explanations for the radar anomalies, as bismuth has a high dielectric constant and has theoretically
been shown to condense at an altitude of approximately 1.6 km assuming eucrite—basaltic
meteorite—abundances (Kitts and Lodders, 1998; Schaefer and Fegley, 2004). Tellurobismuthites,
like tellurobismuthite (Bi2Te3) or tsumoite (BiTe), are likely venusian compounds, as they are
known products of fumarolic activity on Earth (Jambor and Vanko, 1991). Te is outgassed from
volcanoes on Earth, and assuming that Venus has similar elemental abundances, Te should be
readily available in venusian volcanoes. This makes the existence of Bi2Te3 likely in venusian
48

rocks. The results of experiments with Tellurium (Te) and coloradoite (HgTe), were presented in
Kohler et al. [submitted].
Finally, pyrite can explain the observed high reflectivity, as pyrite has a high conductivity,
and low atmospheric and surface compositions suggest that pyrite is possible in venusian rocks
(Pettengill et al., 1982). The higher reflectivity in the highlands could be explained by the advanced
weathering of the rocks showing new surfaces (Pettengill et al., 1982; Arvidson et al., 1991).
However, several computational studies have shown that pyrite is not thermodynamically stable,
will spontaneously decompose to pyrrhotite in venusian conditions, is destroyed on short
geological timescales, and would decompose to iron oxides (likely magnetite or hematite) (Fegley
and Treiman, 1992; Fegley et al., 1993; Fegley, 1997).
While theoretical studies have moved towards constraining the possible sources of these
radar anomalies, our experiments directly investigate the stability of several compounds/phases
identified in the literature under Venus conditions to study the interactions between the surface
material and the atmosphere.
4.3.2 Experiments
Two sets of experiments, similar to Kohler et al. [submitted] have been conducted in two
different configurations each: (a) stability experiments at Venus highland and lowland
temperatures at ambient pressure and (b) stability experiments at Venus highland and lowland
temperatures and pressures.
4.3.2.1 Stability Experiments at Ambient Pressure
In order to isolate the effects of temperature, all compounds were tested in a Lindberg tube
oven at the University of Arkansas under ambient pressure. A 1 gram powdered sample of each
compound was first placed in an open corundum boat. Samples were tested individually in order
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to avoid reactions and potential contaminations. The sample and crucible were placed into the
oven, which had already been heated to 380°C or 467°C (temperatures corresponding with the
highlands and lowlands of Venus, respectively), under a carbon dioxide (CO2) flow, for 18 hours
each. An estimated total uncertainty in the experiment temperature is ± 5 K.
4.3.2.2 Stability Experiments at Venus Surface Conditions
Stability experiments on the same compounds were conducted in VICI at NASA Goddard
Space Flight Center to test the effect of CO2 under pressure as a supercritical fluid. The chamber
is approximately 30.5 cm deep, 12.7 cm in diameter, and constructed using stainless steel. It can
maintain a CO2 atmosphere at 95.6 bar and 467°C for roughly 48 hours (Johnson and Wegel,
2011). Pressure (psi) and temperature (°C) were recorded using Labview, and gases were released
via a controlled ventilation system. Before each run, the chamber was flushed with compressed
nitrogen (N2). The chamber was then filled with CO2 to a preset pressure, equilibrated at ambient
temperature, and heated to the desired temperatures, thus reaching corresponding pressures. An
estimated total uncertainty in the experiment temperature is ± 10 K.
One gram of each compound, ground and sieved to 63 µm, was individually tested in the
chamber for 18 hours, in a CO2 atmosphere, at average venusian surface conditions, and then at
highland conditions (467°C and 90 bar, 380°C and 55 bar respectively). The latter conditions are
the anticipated temperature and pressure at the 11 km altitude summit of Maxwell Montes using a
-7.7 K/km adiabatic lapse rate (Seiff et al., 1980; Crisp and Titov, 1997). By testing these two
environments, the full range of the radar anomalies’ altitudes are covered. After each run, the
samples were weighed to determine mass loss or gain, an indicator of stability and/or reactivity.
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4.3.3 Analytical Techniques
All samples were analyzed using X-Ray diffraction (XRD) to determine their mineralogy.
The prepared powdered samples were characterized by XRD at room temperature using a
PANalytical X’Pert Materials Research Diffractometer. All patterns were scanned in the 15-85°
2Θ range with a step size of 0.02° and 0.05 seconds per step. The associated software, X’Pert
Highscore, was used for phase identification, and Reitveld refinement was used to quantify the
amount of minerals present in each sample.
4.4

Results
Table 4.1 summarizes the experimental data from both the ambient pressure and high

pressure experiments. The data presented are the percentage compositions of the phases identified
in the tested sample.
Table 4.1 - Summary of the stability results tested at surface T, high altitude T, surface P&T, and
high altitude P&T under a CO2 atmosphere. Percentages show the amount of the original sample
that identified as each mineral under XRD.
Oven Experiments
Original
Composition
Bi2S3

FeS2

Bi2Te3

467°C, 1 bar
Bi2S3

84%

Bi

16%

Fe2O3

100%

Bi2Te4O11

83%

Te

17%

Chamber Experiments
380°C, 1 bar

467°C, 95 bar

380°C, 55 bar

Bi2S3

100% Bi2S3

100%

Bi2S3

100%

FeS2

88%

FeS2

65%

FeS2

90%

Fe2O3

22%

Fe0.875S

35%

Fe3O4

10%

Bi2Te4O11

59%

Te

30%

Bi2Te3

100%

Bi2Te3 100%

TeO2

11%
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4.4.1 Stability Experiments at Ambient Pressure
In the high temperature (467°C) oven stability experiment, bismuthinite decreased in mass
by 0.2 g and showed a variable color change from dark grey to a lighter grey with a few white
specks. At the lower temperature (380°C), bismuthinite showed negligible mass change with a
slight color change to a lighter grey than the original dark grey. XRD analysis with Reitveld
refinement revealed that the sample at higher temperature retained 84% of the original composition
of Bi2S3, while 16% identified as elemental bismuth (Bi). The sample at lower temperature showed
no change in phase or composition (Figure 4.1).

Figure 4.1 - XRD plots comparing the bismuthinite results at lowland (467°C, top) and highland
(380°C, middle) temperatures with the original untreated sample (bottom). The * sign indicates
some peaks of elemental Bi. The rest of the peaks in the patterns identified at bismuthinite.
Tellurobismuthite increased in mass by 0.1 g and showed a faint lightening of color at
467°C, and increased in mass by 0.06 g and exhibited a white discoloration at 380°C. XRD
identified peaks of chekhovichite (Bi2Te4O11) and tellurium with abundances of 83% and 17%
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respectively from the sample tested at 467°C (Figure 4.2). Chekhovichite (59%), tellurium (30%)
and paratellurite (11%) were identified in the 380°C sample via Reitveld refinement (Figure 4.2).

Figure 4.2 - XRD results of the tellurobismuthite oven stability experiments with the original,
untreated sample at the bottom, the sample tested at 380°C in the middle, and the sample tested at
467°C at the top. The change in patterns shows that the heated samples have completely
transformed from the original composition (bottom).
In the high temperature (467°C) oven stability experiment, pyrite decreased in mass by
0.39 g and showed a color change from black with gold flecks to a dark brown hue. XRD analysis
showed that the pyrite sample completely oxidized into iron (III) oxide (hematite, Fe 2O3) (Figure
4.3). At the lower temperature (380°C), pyrite decreased in mass by 0.05 g and showed a slight
color change to dark grey. Reitveld refinement revealed that 12% of the sample was composed of
hematite, leaving 88% unchanged (Figure 4.3).
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Figure 4.3 - XRD plot of pyrite results from the oven experiments. Each plot shows the patterns
of the sample tested at lowland (top) and highland (middle) conditions with the original untreated
sample (bottom). This figure shows a complete transition from pure pyrite (bottom) to 88% pyrite
and 22% magnetite (middle) to pure magnetite (top).
4.4.2 Stability Experiments at Venus Surface Conditions
Bismuthinite showed negligible mass loss at higher pressure and a negligible increase at
lower pressure. Both samples showed a faint discoloration appearing as a light grey on the top of
the sample. XRD patterns of both samples showed no change in phase or crystallography.
Tellurobismuthite showed a negligible mass loss at both higher and lower pressure. The
samples showed no remarkable change in appearance. XRD analysis did not show a change in
either sample.
High pressure experiments showed that pyrite’s mass decreased by 0.103 g at higher
pressure (467°C, 95 bar) and did not show evidence of discoloration. Reitveld refinement through
XRD identified the sample as 65% pyrite and 35% monoclinic pyrrhotite (Fe0.875S). At lower
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pressure (380°C, 55 bar) the sample decreased by 0.088 g and also showed no visual change. XRD
patterns verified pyrite at 90% and magnetite (Fe3O4) at 10% (Figure 4.4).

Figure 4.4 - XRD plot comparing the pyrite results from the chamber experiments. Each plot
shows the patterns of the sample tested at lowland (top) and highland (middle) conditions with the
original untreated sample (bottom). The (*) shows peaks of pyrrhotite, and (#) shows peaks of
hematite.
4.5

Discussion

4.5.1 Mineral Stability
The main outcome of this study is that two of the three compounds, bismuthinite and
tellurobismuthite, can be ruled out as sources for the anomalies, while pyrite warrants more
investigation. Bismuthinite was stable in all experiments and conditions. The elemental Bi
identified in the 467°C oven experiment can be attributed to the dissociation of sulfur at higher
temperatures during the experiment. Tellurobismuthite showed oxidation in oven experiments,
where oxidation contamination was possible. However, in the closed chamber experiments, the
samples remained unchanged. This shows that tellurobismuthite is stable under all venusian
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conditions, eliminating it as a potential source, since it would exist at lower altitudes where the
anomalies are not observed.
Pyrite, on the other hand, is more complicated. Our experiments showed evidence of
pyrrhotite formation in only one of the experimental configurations, at Venus surface temperatures
and pressures. Under a pure CO2 atmosphere, pyrite should become less abundant as it gradually
converts to pyrrhotite in the thermodynamic reaction
7FeS2 → Fe7S8 + 3S2

(4.1)

Our experiments found no evidence of elemental S2; however, our experimental set up did
not involve a gas chromatograph, and it is likely that carbonyl sulfide (OCS) was formed via the
gas phase reaction
S2 + 2CO → 2OCS

(4.2)

Both CO and OCS have been identified in the Venus atmosphere, and OCS has been
observed to increase with decreasing altitude (Hoffman et al., 1979; Pollack et al., 1993; Fegley et
al., 1995).
Instead of observing the expected transition (pyrite → pyrrhotite → iron oxide), our
experiments indicate that pyrite itself oxidizes with increasing temperatures (Table 4.1, oven
experiments). While we expected temperature to have an effect on mineral stability, we found that
pressure had a significant effect on pyrite stability.
In the chamber experiment with the lower temperature and pressure configuration, pyrite
oxidized to form magnetite, though most of the sample remained unchanged. Pressure had an effect
on the type of iron oxide formed, because hematite was found in experiments under ambient
pressures, but magnetite formed in the chamber experiment (380°C, 55 bar). Another effect that
pressure had was the formation of pyrrhotite at the highest temperatures and pressures (467°C, 95
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bar), though it was not found in any other configuration. Future work on this project will involve
an investigation of the effect that pressure has on pyrrhotite formation under Venus conditions.
4.5.2 Implications for the Venus Highlands
Recent studies of Venus radar data show that there are significant differences between the
radar properties at Ovda Regio and Maxwell Montes. Ovda Regio shows a gradual increase of
emissivity with a sharp decrease of radar backscatter (high emissivity) at 4.5 km in altitude, which
indicates that its radar properties are consistent with the presence of ferroelectric materials
(Harrington and Treiman, 2015). Maxwell Montes and surrounding areas, on the other hand, show
a sharp increase in radar backscatter around 4.5-5.5 km in altitude, gradually decreasing at higher
altitudes (Harrington and Treiman, 2015). The latter characteristics are synonymous with a “snow
line,” indicating that these areas are likely caused by atmospheric precipitation or chemical
weathering of the surface of Venus.
Previously hypothesized as a frost, Bi compounds would have been the ideal candidates
for the Maxwell Montes locales. On the contrary, our experiments show that their stability under
all Venus conditions rules them out as the source. Iron compounds could still exist in Venus rocks,
and weathering in the higher altitudes would reveal their dielectric properties. Depending on the
rate of weathering, and the rate of diffusion of S2 vapor through overlaid rock, iron compounds
could remain stable long enough to be observed (Pettengill et al., 1982; Fegley et al., 1995). If the
source is an iron oxide, the rate of oxidation from pyrrhotite is significantly slower (millions of
years) than from pyrite (Fegley et al., 1995).
4.6

Conclusions
Our experiments show that if bismuthinite or tellurobismuthite did exist on the surface of

Venus, then evidence of it would be found globally, no matter the altitude. Thus the stability of
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these two compounds at both highland and lowland conditions excludes them from being
candidates for the Venus radar anomalies in the highlands.
Our experiments on pyrite show that it is not stable under Venus conditions, and that it
decomposes to pyrrhotite and iron oxides. Previous studies suggest this decomposition follows the
trend pyrite → pyrrhotite → oxides (Fegley et al., 1995; Fegley, 1997). However, pyrrhotite only
formed in the lowland conditions in our experiments. This shows that pyrite decomposition follows
different pathways under different temperature and pressure regimes. However, because pyrrhotite
only formed under lowland conditions in our experiments, it also is not a candidate for the highland
radar anomalies on Venus. While pyrite is unstable under Venus surface conditions, and not likely
the source of the radar anomalies, there is still more to be understood about the pyrite system on
Venus.
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5

Radar Reflective Materials Investigated under Venus Near-Surface Conditions

5.1

Abstract
The Venus highlands show regions of high radar reflectivity, the source of which has yet

to be identified. Many studies have suggested several possibilities for the cause, including, but not
limited to, ferroelectric materials, frost consisting of heavy metals, or pyrite. Mineral stability
experiments conducted at Venus-like temperatures, pressures, and in a Venus simulated
atmosphere, identify two potential candidates for the venusian radar anomalies. Coloradoite and
pyrite are stable at high altitude conditions, but not at lowland surface conditions, where the radar
properties show a significantly lower reflectance. As semiconductors, these two candidates would
provide a brighter radar signature than the surrounding basalts. Three compounds, bismuthinite,
tellurobismuthite, and tellurium, previously hypothesized as potential sources, were eliminated
due to their absolute stability under all venusian conditions.
5.2

Introduction
In 1965, radar observations identified two regions on the venusian surface that exhibited

anomalous bright reflections of radar signals, and a third region was identified in the northern
hemisphere in 1970 (Goldstein, 1965; Jurgens, 1970). Later, more detailed studies of these regions
using data from both ground-based and mission (e.g., Pioneer Venus and Magellan) radars showed
a correlation between the “radar bright” anomalies and regions of high altitude. These anomalies
vary by location, but are mostly found at elevations between 2.5 km (Sapas Mons; 8.9°N, 188°E)
and 4.75 km (Maxwell Montes; 65.0°N, 3.0°E) above the average planetary radius of 6,051 km
(Rogers and Ingalls, 1970; Pettengill et al., 1982; Ford and Pettengill, 1983; Garvin et al., 1985;
Pettengill et al., 1988).
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The radar reflectivity at these high altitudes ranges between 0.35 and 0.43 in the highlands
compared to the planetary surface average reflectivity of 0.14. At altitudes above 4.75 km,
mountain summits show average reflectivity values similar to lowland values (0.14) (Pettengill et
al., 1982). The radar properties at the surface are typical for a dry basalt, but the properties at
higher altitudes indicate a semiconducting material (Pettengill et al., 1996; Schaefer and Fegley,
2004).
Several studies have expanded on these explanations for the high reflectivity regions by
hypothesizing increased surface roughness, metallic materials with higher dielectric constants, or
the presence of ferroelectric materials (Rogers and Ingalls, 1970; Tryka and Muhleman, 1992;
Shepard et al., 1994). Additionally, previous work suggests that several processes such as surfaceatmospheric interactions or low-lying clouds/fog may explain the regions of high reflectivity
(Schaefer and Fegley, 2004). The predominantly accepted explanation for the anomalous areas is
generally credited to differences in material (lower emissivity values), as opposed to a change in
roughness at radar wavelengths (Pettengill et al., 1982; Pettengill et al., 1988; Treiman, 2007).
While it is generally agreed that the material is an alteration of or coating on the underlying rock
material, and that the altitude dependence signifies atmospheric transport or reaction, there is
disagreement on the nature of the material itself (Treiman, 2007).
Previous experiments investigating the thermodynamics and kinetics of minerals under
Venus temperatures and pressures were conducted in a pure CO2 atmosphere (Kohler et al., 2012;
Kohler et al., 2013; Kohler et al., 2014; Port et al., 2016) or CO2-CO and CO2-CO-SO2
atmospheres (Fegley et al., 1993; Fegley et al., 1995). In order to allow a better understanding of
the nature of the interactions between the atmosphere and the surface of Venus, we present in this
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paper the results of experiments conducted in a Venus simulated atmosphere consisting of CO2,
N2, and SO2.
The lack of spacecraft landers in the highlands leave us with a limited knowledge of the
geology in the Venus highlands. Most of our understanding comes from inferences from radar
geomorphology and geochemical modeling (Treiman, 2007). The experiments presented in this
paper constrain the source of the Venus radar anomalies, and also constrain our understanding of
mineral stability in Venus conditions.
5.3

Materials and Methods

5.3.1 Description and Justification of Starting Materials
Five compounds were chosen for this study: tellurium (Te), coloradoite (HgTe),
bismuthinite (Bi2S3), tellurobismuthite (Bi2Te3), and pyrite (FeS2).
Pettengill et al. (1996) suggested that the source of the anomalies is elemental tellurium.
Considering the similarities in bulk composition and size between Earth and Venus, venusian
volcanoes could outgas Te with similar abundances to Earth’s volcanoes. Then tellurium could be
cold-trapped at higher altitudes, forming a metallic “frost” on the surface, causing changes in radar
signatures compared to those measured at lower altitudes.
Measurements from Venera 11 and 12 as well as Pioneer Venus identified mercury at 5
ppm in the lower atmosphere (Hoffman et al., 1979; Barsukov et al., 1982). Mercury compounds
are known to be electrical conductors and, if precipitated onto the surface, would provide higher
radar reflectivity values than the surrounding basalts. Coloradoite is a common telluride and is
often found in skarns, massive sulfides, and magmatic segregates on Earth (Afifi et al., 1988).
Active volcanism on Venus would create conditions suitable to the formation of coloradoite.
Indeed, previous experiments Kohler et al., [submitted] show that Venus highland temperatures
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(380°C) and pressures (55 bar) exhibit favorable conditions for the formation and stability of
coloradoite.
Bismuth compounds, specifically bismuthinite (Bi2S3), have been presented as plausible
explanations for the radar anomalies, as bismuth has a high dielectric constant, and they have
theoretically been shown to condense at an altitude of approximately 1.6 km assuming eucrite,
basaltic meteorite, abundances (Kitts and Lodders, 1998; Schaefer and Fegley, 2004).
Tellurobismuthites, like tellurobitmuthite (Bi2Te3) or tsumoite (BiTe) are likely venusian
compounds, as they are known products of fumarolic activity on Earth (Jambor and Vanko, 1991).
Finally, previous studies suggest that pyrite is possible in venusian rocks (Pettengill et al.,
1982). The high reflectivity in the highlands could be explained by the advanced weathering of the
rocks exposing new, pyrite-comprised, surfaces (Pettengill et al., 1982; Arvidson et al., 1991).
5.3.2 Experimental Procedures
Two sets of experiments, similar to Kohler et al., [submitted], were run in two different
configurations: (a) stability experiments at Venus highland and lowland temperatures at ambient
pressure and (b) stability experiments at Venus highland and lowland temperatures and pressures.
The primary difference between these experiments and previous ones by the same authors is that
a pre-mixed simulated venusian atmosphere consisting of 96.5% CO2, 3.5% N2, and 150 ppm SO2
was used instead of a CO2 atmosphere. The use of a simulated atmosphere enabled us to observe
reactions between candidate materials and the Venus atmosphere.
5.3.2.1 Stability Experiments at Ambient Pressure
In order to isolate the effects of temperature, all compounds were tested at ambient pressure
in a Lindberg tube oven at the University of Arkansas. A 1 gram, powdered sample of each
compound was heated separately to 380°C and 467°C (temperatures corresponding with the
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highlands and lowlands of Venus, respectively), under the pre-mixed simulated venusian
atmosphere flow, for 18 hours each. To limit oxygen contamination, silicone stoppers were placed
in the ends of the tubes with small holes to provide flow from the gas tank to vent the system. An
estimated total uncertainty in the run temperature is ± 5 K.
5.5.2.2 Stability Experiments at Venus Surface Pressures
Stability experiments on the same compounds were conducted in Venus In-situ Chamber
Investigations (VICI) at NASA Goddard Space Flight Center. The chamber was flushed with
compressed nitrogen (N2), then filled to a predetermined pressure with the pre-mixed simulated
Venus atmosphere, equilibrated at ambient temperature, and heated to the desired temperatures,
thus reaching corresponding pressures. An estimated total uncertainty in the run temperature is ±
7 K.
One gram of each compound was individually tested in the chamber for 18 hours, in the
pre-mixed atmosphere, at average Venus surface conditions, and a separate sample was tested at
highland conditions (467°C and 90 bar, 380°C and 55 bar respectively). After each run, the
samples were weighed to determine mass loss or gain, an indicator of stability and/or reactivity.
5.3.3 Analytical Techniques
All samples were analyzed using X-Ray diffraction (XRD) to determine their mineralogy.
The prepared powdered samples were characterized by XRD at room temperature using a
PANalytical X’Pert Materials Research Diffractometer. All patterns were scanned in the 15-85°
2Θ range with a step size of 0.02° and 0.05 seconds per step. The associated software, X’Pert
Highscore, was used for phase identification and Reitveld refinement was used to quantify the
amount of minerals present in each sample.
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5.4

Results
Table 5.1 summarizes the experimental results from both the ambient pressure and high

pressure experiments. Table 5.1 presents percentage compositions of the phases identified in the
reacted sample.
Table 5.1 - Summary of the stability results tested at surface temperature, high altitude
temperature, surface pressure & temperature, and high altitude pressure & temperature under a
simulated Venus atmosphere. Percentages show the amount of the original sample that identified
as each mineral under XRD.
Oven Experiments

Chamber Experiments

467°C, 1 bar

380°C, 1 bar

467°C, 95 bar

380°C, 55 bar

Te

11%

Te

61%

Te

83%

Te

78%

TeO2

89%

TeO2

39%

TeO2

17%

TeO2

22%

TeO2

75%

HgTe

23%

HgTe

41%

HgTe

61%

Te

25%

Te

77%

Te

59%

Te

39%

Bi2S3

Bi2S3

100% Bi2S3

100%

Bi2S3

100% Bi2S3

100%

Bi2Te3

Bi2Te3

100% Bi2Te3

100%

Bi2Te3

100% Bi2Te3

100%

Fe0.875S

70%

S

30%

100%

FeS2

100%

Original
Composition
Te

HgTe

FeS2

FeS2

FeS2

85%

S

15%

5.4.1 Stability Experiments at Ambient Pressure
In the high temperature (467°C) oven stability experiment, tellurium increased in mass by
0.08 g and showed a color change from dark grey/black to a lighter whitish grey with a gradient
of more white at the top to a darker grey at the bottom. XRD analysis showed that 89% of the
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tellurium sample oxidized into paratellurite (tellurium oxide, TeO2), leaving 11% as elemental
tellurium. At the lower temperature (380°C), tellurium increased in mass by 0.01 g and showed a
slight color change to lighter grey throughout the sample. XRD analysis revealed that 39% of the
sample was composed of paratellurite, leaving 61% unchanged (Figure 5.1).

Figure 5.1 - XRD results of the tellurium oven stability experiments. The two experiment samples
identified as a mix of tellurium and paratellurite. The + sign indicates the main peaks of elemental
tellurium and # marks paratellurite peaks. The amount of paratellurite increases with increasing
temperature.
Coloradoite lost 0.16 g at higher temperature and 0.04 g at lower temperature. The sample
tested at 467°C showed a very slight color change: intermingling dark grey within the original
black color. XRD analysis showed that the mercury in the coloradoite sample volatilized, leaving
25% elemental tellurium and 75% paratellurite. The sample at the lower temperature had no visual
change, but was composed of 77% coloradoite and 23% tellurium (Figure 5.2).

67

Figure 5.2 - XRD results of the coloradoite oven stability experiments. At 467°C, the coloradoite
sample dissociated to tellurium and oxidized. At 380°C, the tested sample identified as 77%
tellurium, leaving 23% unaltered coloradoite. The + sign indicates several peaks of elemental
tellurium, # is paratellurite, and * is coloradoite.
In the high temperature (467°C) oven stability experiment, bismuthinite decreased in mass
by 0.04 g and demonstrated a slight color change from dark grey to a lighter grey on the top layer.
At the lower temperature (380°C), bismuthinite showed negligible mass change with a similar
color change to the higher temperature sample. XRD analysis with Reitveld refinement revealed
that both samples identified as 100% Bi2S3, showing no change in phase or composition (Figure
5.3).
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Figure 5.3 - XRD plots comparing the bismuthinite results at lowland (467°C, top) and highland
(380°C, middle) temperatures with the original untreated sample (bottom). The peaks at 37 and 43
are from the sample mount.
Tellurobismuthite decreased in mass by 0.05 g, exhibited no visible physical change at
467°C, and showed no mass or physical change at 380°C. XRD analysis showed no change in
phase or composition in either sample (Figure 5.4).
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Figure 5.4 - XRD results of the tellurobismuthite oven stability experiments with the original,
untreated sample at the bottom, the sample tested at 380°C in the middle, and the sample tested at
467°C at the top.
In the high temperature (467°C) oven stability experiment, pyrite increased in mass by 0.06
g and showed a color change where light grey was intermingled with the original black in addition
to gold flecks. Reitveld analysis identified the sample as 70% monoclinic pyrrhotite (Fe0.875S), and
30% elemental sulfur. At the lower temperature (380°C), pyrite increased in mass by 0.05 g and
there was no evidence of physical change. XRD analysis showed no change in phase or
composition (Figure 5.5).

70

Figure 5.5 - XRD plot of pyrite results from the oven experiments. Each plot shows the patterns
of the sample tested at lowland (top) and highland (middle) conditions with the original untreated
sample (bottom).
5.4.2 Stability Experiments at Venus Pressures
High pressure experiments (467°C, 95 bar) on tellurium resulted in a mass decrease of 0.03
g and displayed small, metallic, bubble-like formations indicating melt, while the rest of the sample
appeared unchanged. XRD analysis identified the sample as 83% tellurium and 17% paratellurite.
At lower pressure (380°C, 55 bar) the sample had negligible mass change and no evidence of
physical change. Reitveld refinement verified tellurium at 78% and paratellurite at 22% (Figure
5.6).
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Figure 5.6 - XRD results of the tellurium Venus simulation chamber stability experiments.
Approximately 20% of the tellurium sample oxidized to form paratellurite in each heated sample.
Coloradoite lost 0.34 g at higher pressure and 0.06 g at lower pressure. The higher pressure
sample exhibited some small, metallic, bubble-like formations on a dark grey/black background.
The lower pressure sample had a lackluster appearance at the end of the experiment. XRD analysis
of the high pressure samples identified peaks of tellurium (59%) and coloradoite (41%). The
sample tested at lower pressure was composed of 39% tellurium and 61% coloradoite (Figure 5.7).
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Figure 5.7 - XRD results of the coloradoite Venus simulation chamber stability experiments.
Coloradoite is more stable at lower temperatures. The + sign indicates the larger main peaks of
elemental tellurium.
Bismuthinite showed negligible mass loss at both higher and lower pressure. Both samples
appeared unchanged in physical appearance. XRD patterns of both samples showed no change in
phase or crystallography (Figure 5.8). Tellurobismuthite showed a negligible mass loss at both
higher and lower pressure. The samples showed no remarkable change in appearance. XRD
analysis did not show a change in either sample (Figure 5.9).
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Figure 5.8 - XRD results of bismuthinite tested in the chamber at lowland (467°C, 95 bar, top)
and highland (380°C, 55 bar, middle) conditions with the original untreated sample (bottom).

Figure 5.9 - XRD results of tellurobismuthite tested in the chamber at lowland (467°C, 95 bar,
top) and highland (380°C, 55 bar, middle) conditions with the original untreated sample (bottom).
High pressure experiments (467°C, 95 bar) showed that pyrite’s mass decreased by 0.24 g
with no evidence of discoloration. XRD analysis revealed no change in phase or composition. At
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lower pressure (380°C, 55 bar), the sample decreased by 0.088 g and had no visual change.
Reitveld refinement through XRD identified the sample as 85% pyrite and 15% elemental sulfur
(Figure 5.10).

Figure 5.10 - XRD results of pyrite from the chamber experiments. Each plot shows the patterns
of the sample tested at lowland (467°C, 95 bar, top) and highland (380°C, 55 bar, middle)
conditions with the original untreated sample (bottom).
5.5

Discussion

5.5.1 Bismuth Compounds
The results reveal that the two bismuth compounds, bismuthinite and tellurobismuthite, can
be ruled out as sources for the anomalies. Both were absolutely stable under all conditions. While
this study did not investigate the likelihood of the existence of all compounds, it did take into
consideration previous studies and mission data. Our experiments show that either of these
compounds would be stable on the Venus surface, spanning all elevations. Therefore, if these
bismuth compounds exist on Venus, we would see evidence of them everywhere, instead of being
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confined to the conditions synonymous with the radar anomalies. This eliminates them as the
potential source.
5.5.2 Tellurium
Tellurium, like the bismuth compounds, can be ruled out as the source for the anomalies.
Previous experiments (Kohler et al., submitted), have shown that tellurium would oxidize with
available atmospheric oxygen. There were no significant differences in the chamber experiments
compared to the other studies published by the same authors.
The only observed reaction with the atmosphere was the formation of paratellurite from
tellurium and elemental oxygen. The oven, an open system, had a higher likelihood of oxygen
contamination despite the addition of the silicone stoppers in these experiments. However, the
chamber experiments were conducted in a closed system that had been flushed with N2 minimizing
the amount of O2 to an upper limit of 20 ppm (Kohler et al., submitted). The fact that paratellurite
formed in our experiments indicates that tellurium will react with any atmospheric O2 on Venus.
Pressure had no effect on the stability of tellurium.
Assuming that there is not enough O2 to react with tellurium, our chamber experiments
show there is no difference in stability between the surface conditions and the high altitude
conditions. Similar to the bismuth compounds, if tellurium existed on the surface it would be
observable at all elevations. For this reason, tellurium can also be ruled out as the source for the
anomalies.
5.5.3 Coloradoite
Coloradoite is more stable at lower temperatures and pressures, coinciding with the
elevations where the anomalies are observed. In the ambient pressure experiments, the mercury in
the samples partially vaporized, leaving elemental tellurium. At higher temperatures, the tellurium
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then began to oxidize, while at lower temperature, the tellurium remained in its elemental form.
More importantly, some of the coloradoite remained unchanged at 380°C, the temperature
associated with the radar anomalies. In the chamber experiments, there was evidence of
dissociation to elemental tellurium, but no oxidation. Coloradoite displayed higher stability at the
temperature (380°C) synonymous with the anomalies.
Pressure, in addition to temperature, had an effect on the stability of coloradoite. A higher
stability was evident at higher pressures compared to the ambient pressure experiments. While
only 23% of the coloradoite sample remained unchanged at 1 bar, 61% remained unchanged at 55
bar, both of these tested at 380°C. Thus, the Venus high altitude temperatures and pressures are
the most favorable for the formation and stability of coloradoite.
5.5.4 Pyrite
Our experiments showed pyrrhotite formation at Venus surface temperature (467°C) and
ambient pressure (1 bar). This is a likely transformation from pyrite, leaving elemental sulfur as a
byproduct of the reaction (Fegley et al., 1995). Evidence of this was observed in 30% of the
sample. At the same temperature, but different pressure (95 bar), the expected transition to
pyrrhotite was not observed and the pyrite was completely stable. Typically, sulfur can react with
atmospheric carbon monoxide (CO) to form carbonyl sulfide (COS), but it is possible that the
amount of SO2 in the premixed simulated atmosphere buffered this reaction. This observation
certainly merits further investigation.
The samples tested at the temperature (380°C) corresponding to anomaly elevations
resulted in different outcomes depending on pressure. Pyrite was completely stable at 1 bar, but
85% remain unaltered at 55 bar. Instead of observing the expected oxidation of pyrite exhibited in
several studies (Fegley et al., 1995), there was no evidence of magnetite (Fe3O4) or hematite
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(Fe2O3). Once again, it appears that the atmosphere had a significant effect on the stability of pyrite
and buffered the reactions observed in a CO2 atmosphere. From the results of this study, under
Venus conditions (temperature, pressure, and atmospheric chemistry), pyrite remains stable for
longer and is a viable candidate for the source of the radar anomalies.
5.5.5 Implications for the Venus Highlands
Both of the potential candidates from this study form in different conditions and would
involve different mechanisms to exist at high elevations on Venus. Coloradoite would likely be a
result of volcanic activity and would precipitate onto the surface as a “frost” (Kohler et al.,
submitted). If pyrite exists in Venus rocks, weathering in the higher altitudes would reveal their
dielectric properties (Pettengill et al., 1982; Pettengill et al., 1988). Despite the different formation
processes of the two proposed sources, they both exhibit conductivities and likely abundances that
would explain the bright radar signals of the anomalies (Dickey and Mavroides, 1964; Pettengill
et al., 1982; Klose et al., 1992).
Radar investigations of Maxwell Montes and surrounding areas show characteristics
synonymous with a “snow line” that are likely caused by atmospheric precipitation or chemical
weathering of the surface of Venus. In fact, the argument for a metallic snow is supported by
measurements from the Venera 13 and 14 probes indicating the presence of a low-lying cloud layer
at an altitude of 1-2 km above the surface (Grieger et al., 2003) and low altitude hazes were
observed by Pioneer Venus (Brackett et al., 1995). If a material is capable of forming as frost at
higher elevations, then it is possible that it could condense into clouds in the warmer, lower
altitudes. If the anomalies are due to weathering and thus exposing iron rich rock underneath,
pyrite could exist for millions of years depending on the rate of decomposition. In fact, experiments
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presented in this paper indicate that the atmospheric abundance of sulfur is high enough for pyrite
to be stable, and that it is not too oxidizing to foster the formation of iron oxides.
5.6

Conclusions
In conclusion, the two compounds that remain as potential candidates for the radar

anomalies after these experiments are coloradoite and pyrite. After being investigated under both
surface and highland conditions in a tube oven, as well as a Venus simulation chamber, three
compounds, bismuthinite, tellurobismuthite, and tellurium were eliminated due to their absolute
stability under all venusian conditions. The two potential candidates that remain, coloradoite and
pyrite, show stability at high altitude conditions, where the high reflectivities are observed, but not
at the surface where the radar properties show a significantly lower reflectance. Both of these
would exhibit a higher dielectric value than the surrounding low-lying basalt, thus producing a
different (brighter) radar signature. Future work on this project would involve further
investigations on the effect of the Venus atmosphere on pyrite stability. Additionally, hightemperature laboratory measurements of the dielectric properties of candidate materials could
reveal whether they match the radar observations, and thus support their recognition as the source
of the Venus radar anomalies.
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6

Conclusions

6.1

Summary of Results
The studies presented in this dissertation accomplished the goal of investigating the nature

of the interactions between the atmosphere and surface of Venus, and thus constrained the source
of the Venus high reflective radar anomalies. The experiments showed evidence of the significant
effect of temperature, and often pressure, on the stability of a mineral. Changes in temperature and
pressure both hindered (e.g., lack of iron oxidation at 467°C), and encouraged chemical reactions
(e.g., coloradoite formation at 380°C). Indirectly observable was the effect that temperature and
pressure had on the atmospheric chemistry, especially in the pyrite experiments. Details on how
the atmospheric chemistry can be directly observed are described in Future Work.
Primarily, the goal of this project was to constrain the source of the Venus high reflectivity
radar anomalies. Bismuthinite and tellurobismuthite were stable at all tested configurations,
regardless of temperature, pressure, or atmospheric composition. If these minerals exist on the
surface of Venus, observations would be found globally, no matter the altitude, and this excludes
them from being candidates for the Venus radar anomalies in the highlands.
Up until the last decade, a metallic snow consisting of tellurium was the favored material
for the source of the anomalies (Treiman, 2007). The results of the work presented here
demonstrate that it is, in fact, not a candidate. Tellurium exhibited conditional stability at all high
pressure conditions (approximately 80%), but will likely oxidize or react with other volatile
elements, such as mercury, present in the atmosphere. This eliminates tellurium as the source.
Reactivity experiments with tellurium and mercury sulfide—both volatile at Venus
temperatures and pressures—showed that coloradoite (HgTe) will form at temperatures correlating
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to those found at high altitudes (380°C). Theoretical work has not suggested coloradoite as a
candidate; however, with an adequate abundance, it could form as a condensate in the venusian
highlands. The dielectric constant of coloradoite has been measured in Earth-like environments at
~14, which falls within the error of 21.8 ± 7.6 measured in the Venus highlands (Dickey and
Mavroides, 1964; Pettengill et al., 1996). If coloradoite does exist in the highlands, it would
maintain a higher reflectivity than the low-lying basalts, thus providing a distinct radar signature
from that of the lowlands. The evidence of formation and stability at high altitude conditions, as
well as similar conductivity to the Venus highlands, support coloradoite as a candidate for the
source of the Venus radar anomalies.
The experiments on pyrite in a CO2 atmosphere show that it is not stable under Venus
conditions, and that it decomposes to pyrrhotite and iron oxides. In addition to this instability, the
results do not replicate previous studies investigating pyrite in Venus-like conditions that observed
the decomposition of pyrite to pyrrhotite, and then to an oxide (Fegley et al., 1995). Instead,
pyrrhotite only formed at lowland conditions, and oxides were observed with no evidence of
pyrrhotite, indicating that pyrite decomposition follows different pathways under different
temperature and pressure regimes.
Pyrite (a semiconductor) was the only mineral that showed significant differences in
stability in a Venus-simulated atmosphere, compared to a CO2 atmosphere. In the mixed
atmosphere, pyrite had increased stability, and there is evidence that the atmospheric sulfur
concentration on Venus is high enough to buffer the oxidation of pyrite, and that the partial
pressure of sulfur slows down (or inhibits) the decomposition of pyrite. Iron saturated rock,
revealed by years of weathering, could remain stable on geologic timescales (Pettengill et al., 1982;
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Fegley et al., 1995). From the results of this study, under Venus conditions (temperature, pressure,
and atmospheric chemistry), pyrite is a viable candidate for the source of the radar anomalies.
This dissertation proposes two candidates as sources for the radar anomalies on Venus:
coloradoite and pyrite. Both of these minerals show stability at high altitude conditions, where the
high reflectivities are observed, but not at the surface where the radar properties show a
significantly lower reflectance. Additionally, as semiconductors, they would exhibit a higher
dielectric value than the surrounding low-lying basalt, thus producing a different (brighter) radar
signature. These lines of evidence support their candidacy for the source of the Venus high
reflectivity radar anomalies.
6.2

Future Work
The source of the Venus radar anomalies has eluded planetary scientists for over 50 years,

and will remain a matter of contention until a Venus surface mission takes place. While previous
orbital missions have expanded our knowledge of the geochemistry of the Venus surface via
bistatic radar observations (e.g., Magellan and Venus Express), landers are the only way (short of
sample return) that the source will be conclusively determined. This could be accomplished via Xray fluorescence spectroscopy (XRF) and/or laser induced breakdown spectroscopy (LIBS)
(Schaefer and Fegley, 2004; Treiman, 2007). If DAVINCI (Deep Atmosphere Venus Investigation
of Noble gases, Chemistry, and Imaging) is chosen as the next discovery mission, its proposed
atmospheric mass spectrometer could measure the low-lying cloud chemistry to determine whether
the source of the surface anomalies is an atmospheric precipitate. The Venus Exploration Analysis
Group (VEXAG) has determined that a lander capable of navigating highland terrain is
scientifically compelling, but would require improved knowledge of surface characteristics and
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potential landing sites (Venus Exploration Analysis Group, 2014). Thus, VEXAG has assessed a
lander mission as a mid-term (next decade) concept.
On Earth, progress on determining the source of the radar anomalies can still continue.
Improvements need to be made on our understanding of Venus geochemistry and its surfaceatmosphere interactions. In fact, we know less about the geochemistry of Venus than of many
asteroids (Treiman, 2007). More detailed thermodynamic modeling, as well as high
temperature/pressure laboratory experiments, would be beneficial in understanding the dynamic
processes at the atmospheric-surface interface. Additionally, high temperature laboratory
measurements of the dielectric properties of candidate materials could be compared with radar
observations, and thus, support (or refute) their candidacy as the source of the Venus radar
anomalies.
6.2.1 Expansion of Current Research
A collaboration with scientists at the Planetary Emissivity Laboratory (PEL) in Cologne,
Germany was begun at the end of the PhD. PEL utilizes two Bruker Fourier transform infrared
(FTIR) spectrometers, both located on an optical table and equipped with external chambers for
emissivity measurements on minerals theorized to exist on Venus (Helbert et al., 2016). A hightemperature chamber is attached to the FTIR that allows heating of samples to temperatures up to
1000 K under vacuum conditions. The data collected will be crucial in enabling calibration transfer
between laboratory experiments, and Venus Express mission datasets. The VMC (Venus
Monitoring Camera) and VIRTIS (Visible and Infrared Thermal Imaging Spectrometer)
instruments on the European Space Agency’s Venus Express spacecraft measured/mapped the
Venus surface in small windows near the 1 µm wavelength, where atmospheric CO2 is transparent
(Helbert et al., 2015). These mission instruments provided useful surface data, but understanding
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it is difficult since spectral signatures of minerals are affected by temperature, and direct
comparisons of measurements at Earth-like conditions are ineffectual.
This collaboration with PEL intends to measure the emissivity and reflectivity of potential
candidates. Six samples were sent to PEL: untreated Te, untreated HgTe, untreated FeS2, Te tested
at 380°C/55 bar in the mixed atmosphere, HgTe tested at 380°C/55 bar in the mixed atmosphere,
and FeS2 tested at 467°C/95 bar in the CO2 atmosphere. These samples were chosen because they
represented an assortment of testing conditions and compositions. Results are expected soon with
the hope that this will further constrain the source of the Venus radar anomalies.
6.2.2 Postdoctoral Research
This dissertation has focused on using experiments to examine mineral stability on Venus.
To expand on this knowledge base, I will be working as a Postdoctoral Research Associate at
NASA Goddard Space Flight Center with Dr. Joseph Nuth. The project is investigating the mineral
stability of condensates in an effort to explain the formation of refractory clouds in the atmospheres
of extrasolar planets and brown dwarfs. Recent literature suggests silicates and metals as possible
condensates in extrasolar planetary atmospheres, as well as in the atmospheres of brown dwarfs.
While theoretical studies have laid the foundation of cloud formation analysis, their findings still
need to be validated via experimental work. My tasks will include determining the mineral stability
of various silicate and metal phases using a high temperature, low pressure Thermogravimetric
Analysis (TGA) system, and measuring their spectral properties. This research will help in
identifying and characterizing extrasolar planets and their atmospheric compositions from future
observations.
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